The feasibility of exploiting non-gridded bacterial artificial chromosome (BAC) libraries and some major factors affecting the efficiency of handling such libraries were studied in hexaploid wheat. Even for a bacterial culture containing only 55% recombinants, some 2000 BAC clones with inserts ranging from 45 to 245 kb could be pooled. The pooled BAC clones could be amplified by culturing for up to 6 h without losing any target clones. These results imply that even for hexaploid wheat, which has an extremely large genome, some 250 pools are sufficient for a BAC library that should satisfy many research objectives. This non-gridded strategy would dramatically reduce the cost and make robotic equipment non-essential in exploiting BAC technology. To construct a representative library and to minimise clone competition, thawing and re-freezing ligation mixtures and bacterial cultures should be avoided in BAC library construction and application.
INTRODUCTION
Libraries of large DNA inserts are essential for physical mapping, map-based gene cloning and gene structure and function analyses in complex genomes. Due to its overwhelming advantages over cosmid and yeast artificial chromosome (YAC) libraries (1) , bacterial artificial chromosome (BAC) libraries have rapidly become the technique of choice. Since the first report in plants (2, 3) , BAC libraries for many plant species have been constructed during the last few years. However, a BAC library for bread wheat (Triticum aestivum, 2n = 6× = 42) is still not available, despite its agronomic importance. The genome size of bread wheat is extremely large (16 700 Mb/1C; 4). Therefore, some 500 000 clones with an average insert size of 150 kb would be required to achieve a genome coverage of five genome equivalence, which is needed for a >99% probability of recovering any specific sequence of interest (5) .
The large number of clones necessary for a bread wheat BAC library makes it very difficult to exploit BAC techniques in this species if the existing technology is used. This is because: (i) gridding of the BAC clones is time consuming and expensive; (ii) storage and maintenance of these clones require large freezer space; (iii) robotics are essential. These factors are preventing widespread application of this technology in the research community. Even for the elite few it would be difficult to construct BAC libraries for a number of different genotypes, which is essential as all genes of interest cannot be found in any single genotype.
One of the possible alternatives is to construct BAC libraries for the diploid progenitors of bread wheat. In fact, BAC libraries for the A (6) and D (7) genome donors have been constructed recently. These libraries will undoubtedly contribute considerably to hexaploid wheat research. However, the genome sizes of these diploid progenitors themselves, although smaller than that of the hexaploids, are also huge and hundreds of thousands of BAC clones are needed for each of these libraries. In addition, the diploid libraries have other inherited limitations that do not allow them to replace hexaploid wheat libraries. Firstly, a diploid B genome donor has not been identified. Secondly, an important application of a BAC library is to develop SSR markers for targeted chromosome regions (8) , a large proportion of which were found to be genome-specific in wheat (9) . Thus a hexaploid wheat library will be essential for developing SSR markers for all three wheat genomes. Thirdly, a detailed comparative analysis of the three component genomes of hexaploid wheat would be highly desirable not only for understanding the evolution of this important crop but also for designing strategies for gene isolation and marker development. Again, these could only be done using hexaploid wheat genotypes.
Some research projects, such as physical mapping of a whole plant genome, would require a large number of BAC clones from one or more libraries. Many other projects, however, require only a small number of clones. Examples of the latter include map-based gene cloning (10, 11) and development of genetic markers for targeted genome regions (8) . For these purposes a few relevant clones could be isolated without gridding the whole library. The BAC library could be collected and stored as BAC pools. The pools would be screened to identify those containing the target sequences and the desired Isolation of target sequences from pooled large insert size libraries has been successfully achieved in plant (12) as well as in animal (13) species. However, no data are available on the number of BAC clones that could be bulked nor on conditions under which to amplify pooled BAC clones. These factors, together with the effects of storing ligation mixtures and bacterial cultures, on the efficiency of BAC clone recovery have been investigated and the results are reported in this paper.
MATERIALS AND METHODS

BAC vector preparation
pBeloBAC II (developed by Drs H. Shizuya and M. Simon, California Institute of Technology; unpublished results) was used as the cloning vector for the generation of BAC clones used in this study. The vector DNA was isolated from 4 l of LB culture using Qiagen tips (Qiagen) following the manufacturer's instructions. The vector DNA was digested with 2 U restriction enzyme (either BamHI or HindIII) per µg DNA at 37°C for 2 h. The digested vector was purified by phenol/chloroform extraction and this was followed by dephosphorylation with shrimp alkaline phosphatase according to the manufacturer's instructions (Boehringer Mannheim).
Isolation and partial digestion of high molecular weight (HMW) genomic DNA embedded in plugs
The hexaploid wheat cultivar Hartog was used for HMW DNA extraction. Fifty grams of leaf tissue was harvested from 4-weekold plants grown in pots. Agarose plugs containing HMW DNA were prepared based on the methods of Zhang et al. (14) and stored in 0.05 M EDTA, pH 8.0, at 4°C.
Agarose plugs were dialysed against 0.5× TBE buffer on ice for at least 3 h. The whole plugs were then loaded into a 1% agarose gel and purified by pulsed field gel electrophoresis (PFGE) with 0.5× TBE buffer at 4 V/cm, 5 s pulses and 11°C for 5 h. After electrophoresis the plugs were recovered from the gel and dialysed against 1× TE for at least 3 h before being used for partial digestion.
To determine the optimal conditions for partial digestion of HMW DNA, one plug was divided into 12 mini-plugs. These mini-plugs were washed in a buffer containing 1× restriction buffer (Gibco BRL) and 4 mM spermidine for 3 × 30 min on ice. Two of the washed mini-plugs were then allocated to separate 1.5 ml Eppendorf tubes. To each of the tubes was added 500 µl of restriction buffer plus 0.0, 0.2, 0.5, 1.0, 3.0 or 6.0 U restriction enzyme (BamHI or HindIII). These reaction mixtures were incubated on ice for 1 h and restriction digestion was then carried out at 37°C for 10 min. The reactions were stopped by adding 1/10 vol 0.5 M EDTA, pH 8.0, and the mini-plugs containing partially digested HMW DNA were analysed by PFGE in 0.5× TBE buffer at 6 V/cm, 11°C, with 90 s pulses for 18 h. Conditions that generated a majority of restricted DNA fragments ranging from 150 to 400 kb in size were used for large-scale partial digestion.
Separation of partially digested DNA by PFGE and size fractionation
A double size fractionation method was employed for separation of HMW DNA after the large-scale partial digestion. The first size fractionation was carried out utilising 10 plugs. The plugs containing partially digested DNA were applied to the centre of a 1% agrose gel, and the DNA size marker (λ concatemer DNA; BioLabs) was applied to flanking wells. The gel was run at 6 V/cm, 11°C, with 90 s pulses for 18 h. After electrophoresis the gel piece containing DNA ranging from 150 to 400 kb in size was excised and divided into five slices. Partially digested HMW DNA in each of these slices was recovered by electroelution based on the method of Osoegawa et al. (15) using dialysis tubes (¾ inch diameter; Life Technologies). The eluted DNA was subjected to a second size selection by PFGE in 0.5× TBE buffer at 3 V/cm, 11°C, with 5 s pulses for 8 h. Under these conditions the majority of the HMW DNA formed a sharp band.
The band obtained was excised and the DNA was eluted from the gel in 0.5× TBE buffer at 6 V/cm, with 30 s pulses for 3 h in a ¼ inch diameter dialysis tube (Life Technologies). After electroelution the DNA solution was dialysed against ice-cold 1× TE for 3 h with the gel slices still contained within the dialysis tubes. DNA was recovered using a wide bore pipette tip. Ten microlitres of this solution was used for estimating the DNA concentration using electrophoresis with a 0.7% agrose gel and λ DNA as standard.
Ligation and transformation
The electroeluted DNA was ligated to BamHI-or HindIII-digested and dephosphorylated pBeloBAC II vector (1:10 molar ratio) at 15°C overnight. The ligation reaction was dialysed against water and then 30% PEG 8000 and transformed into ElectroMAX DH10B competent cells (Life Technologies) based on the methods described by Osoegawa et al. (15) .
Collection and storage of BAC clones in pools
BAC clones used in this study were derived from eight ligation reactions. The BAC clones were collected, together with nonrecombinants (blue colonies), directly from overnight cultured LB plates. Depending on the number of colonies on a plate, the ratio of recombinants (white colonies) to non-recombinants (blue colonies) and the size of each pool, clones forming each of the pools were collected by scraping colonies from between one and eight plates. The collected clones for each of the pools were suspended in 2 ml of LB medium containing 12.5 µg/ml chloramphenical. A single colony for each of eight target clones (see below) was added to each of these pools. Glycerol was added to a final concentration of 7-25% (see Results and Discussion) and the glycerol stock from each of these pools was then aliquoted into five tubes and stored at -70°C.
For each of the BAC pools one tube (400 µl) of glycerol stock was thawed on ice. Twenty-five microlitres of the stock was used to inoculate each of a series of 15 ml of LB medium containing chloramphenical. They were then cultured in 50 ml tubes at 37°C for different lengths of time (see below). Plasmid DNA was extracted from these cultures based on the method of Zhang et al. (14) . Two to five micrograms of DNA from each of these cultures were digested with BamHI and separated on 0.8% agrose gels in 0.5× TBE buffer. The separated DNA was transferred to Hybond N + nylon membranes according to methods described by Liu and Musial (16) .
Isolation of DNA probes from target BAC clones
Insert size was the only criterion used for selecting target BAC clones. To cover the spectrum of insert sizes reported in the majority of BAC libraries, we selected eight target clones with inserts ranging from 45 to 245 kb (Fig. 1) . Insert DNA of the eight targets was released by NotI restriction, separated by PFGE and then purified with a Qiaex II Gel Extraction Kit (Qiagen). Purified insert DNA was digested with Sau3AI and ligated into BamHI-restricted pBluescript II SK+ vector. Fifteen subclones, with insert sizes ranging from 350 to 900 bp, from each of the eight target clones were dot-blotted onto Hybond N + nylon membranes. The subclones were probed with Sau3AI-restricted total genomic DNA from the hexaploid wheat genotype Hartog. Those clones giving strong signals were believed to contain highly repeated sequences and were thus discarded and five of the remaining putative low copy clones for each of the target clones were PCR amplified as probes using the M13/M17 primers. Two of these low copy probes were used (separately) to detect each of the eight target clones. Methods for probe labelling and hybridisation were as described by Liu and Musial (16) .
RESULTS AND DISCUSSION
BAC clones used in this study came from eight separate ligation reactions. These ligation mixtures produced clones with average inserts ranging from 125 to 187 kb (data not shown), and a white/blue ratio of 55-67% when fresh ligation mixtures were used for transformation (Tables 1 and 2 and below). For each transformation 10-40 white clones were analysed to estimate the percentage of empty clones (white clones without inserts). The results indicated that the empty clones in these transformations varied between 0 and 12%.
Number of clones that could be pooled and time of culture
For long-term storage and utilisation of a library, clone amplification is essential. In contrast to a fully gridded library where clones are kept as individuals, competition among clones would occur when pooled clones were amplified. The effects of two of the major factors affecting clone competition, the number of clones in a pool and time of culture, were studied with pools of four different sizes (containing 500, 1000, 1500 and 2000 recombinants, respectively) and three culture times (4, 6 and 8 h).
To reduce the possibility of false positives in dot-blot analysis we adopted the methods of digesting and separating BAC DNA using electrophoresis as described by Salimath and Bhattacharyya (12) . Southern analysis showed that, as expected, the detectable signal became weaker as the number of clones in a pool increased. This was obviously caused by a dilution effect. The effect of the culture time on signal strength varies between targets, indicating the possibility of clone competition. In the largest pools (6 h culture) the presence of a target clone could still be unambiguously detected (Fig. 2) . The same result was given by each of the eight target clones tested in this study.
It is important to note that the BAC pools used in this study contain some 33-45% non-recombinant cells (blue colonies). It is not unrealistic to predict that these non-insert-carrying cells might successfully compete with those carrying large inserts. Thus, it would seem likely that many more BAC clones could be used to form each pool when ligation mixtures producing higher proportions of recombinant clones were used.
As shown in Figure 2 , a common fragment was detected from all the targets and pooled clones. This was most likely caused by the T7 sequence, which is shared between the probes obtained by PCR (see Materials and Methods) and the PBeloBAC II vector.
Effects of frozen ligation mixtures on efficiency of BAC clone recovery
Due to the large number of clones required for a given library and the limited number of clones that could be generated from Table 1 ) showed clearly that storage of ligation mixtures at -20°C, even for a few days, could cause a significant reduction in BAC clone recovery. When re-frozen ligation mixture was used the majority of the clones were lost.
It was not clear whether clones with some specific sequences and/or larger inserts would be more susceptible to the frozen/ re-frozen cycles. However, it was clear that, whenever possible, fresh ligation mixtures should be used. Otherwise, ligation mixtures should be stored in small aliquots. After being thawed these aliquots should be used up and re-freezing should be avoided. The feasibility of keeping ligation mixtures in ice-cold water during the time taken to check their quality (insert sizes and the Results from Southern-based screening of the BAC pools with two of the eight target clones. Four different sized pools with two replicates each were used and they were cultured for three different times. The specific fragments detected by probes isolated from two (T2 and T5) of the target BAC clones were marked. number and ratio of recombinants versus non-recombinants) was also tested with two ligations. When fresh ligation mixture was used the first ligation produced ∼800 recombinant clones/µl mixture with a white/blue ratio of 65% and the second ligation produced ∼550 white clones/µl mixture with a white/blue ratio of 57%. After 5 days storage in ice-cold water no white clones were detected from either of these ligation mixtures. Clearly, this is not an option for keeping ligation mixtures.
Effects of glycerol storage on bacterial culture
Glycerol stocks are commonly used for storing libraries of all types and are also convenient in BAC library construction when used for storing bacterial cultures (15) . To reduce the possibility of uneven loss of different clones in non-gridded BAC libraries, it is important to minimise cell loss during storage. To this end we compared the effects of different percentages of glycerol stock on the recovery of recombinant clones. The results showed that, as expected, all glycerol stocks caused a proportion of cell death. The optimal glycerol concentration seemed to vary depending on how the glycerol stocks were prepared (Table 2) . When re-frozen bacterial culture was used only some 60% of recombinants could be recovered (data not shown). Thus, similar to the situation for ligation mixtures, it is important to avoid thawing/re-freezing of stored BAC pools or bacterial cultures.
CONCLUSION
By employing eight target clones with insert sizes ranging from 45 to 245 kb we demonstrated that a non-gridded BAC library could be constructed with pools each containing at least 2000 BAC clones. Such BAC pools could be amplified by culturing for up to 6 h without significantly changing the structure of the pooled clones. Thus some 250 pools are all that is needed for a hexaploid wheat library of 500 000 clones. Such non-gridded BAC libraries would satisfy the requirements of many research projects, dramatically reduce the cost of constructing and applying BAC libraries, offer the possibility of allowing BAC technology to be exploited for different varieties and make BAC technology accessible to research groups without robotic equipment.
To minimise the effects of selective clone loss, fresh ligation mixtures should be used in constructing non-gridded BAC libraries. Otherwise, aliquots should be made and re-freezing ligation mixtures should be avoided. Similarly, re-freezing bacterial cultures and thawing glycerol stocks of BAC pools should be avoided.
